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ABSTRACT
RELATING METABOLIC PHENOYTPES TO MOVEMENT BEHAVIOR IN BROOK
TROUT
By
Jacob Eli Bowman
Brook trout movement-related life history strategies vary considerably and range from
individuals that stay within the same 100 meters their entire life to individuals that are
potamodromous or anadromous. Potential drivers of movement life histories have been the
subject of much research in fish, with genetic subpopulation explanations often failing to explain
the phenomenon. Metabolic phenotypes have been suggested as a possible driver for expression
of different movement life histories. I investigated if metabolic phenotypes are related to
movement strategies within a population of brook trout (Salvelinus fontinalis) in Unnamed
Creek, a tributary to the Rock River, Alger County, MI. Intermittent flow respirometry was used
in the field using ambient stream water to determine metabolic phenotypes of wild trout.
Individuals were then tagged with passive integrated transponders (PIT) and tracked with
stationary readers and a backpack reader during the summer. Brook trout that moved over 250m
displayed a significantly larger aerobic scope than individuals that moved less than 250m.
Temperature effects on metabolic measures were not detected among the brook trout in this
study, but this could be due to wild acclimation to a range of temperatures rather than a single
value.. This study suggests that brook trout metabolic phenotypes are variable between
individuals and likely relate to movement phenotype under natural field conditions.
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INTRODUCTION

Physiological characteristics and their potential relationship to life history variation have
generated widespread interest among animal physiologists with fish as some of the most wellknown examples (Metcalfe et al., 2016, 1995; Norin & Clark, 2016; Sloat & Reeves, 2014).
Examining life history variation and individual differences in physiology allows researchers and
managers to understand what drives individuals and populations to undergo migration and
dispersal, including differences in distances traveled and effects on growth rate. In Atlantic
salmon (Salmo salar), Metcalfe et al. (1995) and Cutts et al. (1998) found that fish with higher
standard metabolic rate tended to have a higher dominance status and were more aggressive.
Higher dominance status confers a fitness advantage from occupying better feeding positions,
which then increases growth rate (Nakano, 1995), which in turn ultimately affects fecundity. At
the population level, understanding physiological factors in life history determination can lead to
better management and conservation for freshwater and marine species, especially for species
that undergo migrations (Young et al., 2006). For example, rainbow trout (Oncorhynchus
mykiss) and cutthroat trout (Oncorhynchus clarkii) and their hybrid can occur in sympatry. When
all three are present in the same river system, they organize themselves in a linear fashion so that
the fish with higher metabolic traits (rainbow trout) occupy the lower reaches and the fish with
lower metabolic traits (cutthroat trout) occupy the upper reaches with the hybrid occupying the
1

middle reaches (Rasmussen et al., 2012). Rasmussen et al. (2012) suggest this metabolic
population separation could be an important factor in evolution when it occurs naturally.
Physiological correlates of life history strategies have been documented in many
taxonomic groups (Hatle, 2003; Horton et al., 2010; Ricklefs & Wikelski, 2002) and are a
fundamental theme in understanding individual choices and evolutionary processes. Managers
could use this information to rehabilitate life history variants of species that are rare and should
be preserved or to understand where introduction of new species or unique genetic lines are
likely to succeed. Implications can also be applied in climate change scenarios to assess how
individuals and populations will react to changes in average temperatures and which traits could
be selected naturally or by conservation efforts. However, to date many related studies take place
in a laboratory setting with a resulting need for field-based studies (Chabot et al., 2016a).
Phenotypic plasticity is defined by an organism’s ability to change its physiology, gene
expression, morphology, or behavior due to a change in environmental conditions (Levis &
Pfennig, 2017). This mechanism has been proposed as a precursor to population divergence and
speciation across taxa (Palmer, 2012; Skulason & Smith, 1995). In order for an organism to
benefit from phenotypic plasticity, it must possess the genetic capability to produce the
beneficial phenotype in different conditions (Badyaev, 2005; Heerwaarden & Sgrò, 2017;
Jonsson & Jonsson, 2019; Levis & Pfennig, 2019; Scheiner, 1993; Schneider et al., 2014;
Turner, 2009). Phenotypic flexibility can allow individuals to change their phenotype in response
to their environment or change their environment (relocate) to match their phenotype (Forsman,
2015; Karpestam et al., 2012). A focus of phenotypic plasticity is metabolic rate and how
variation within populations allows individuals to respond to their environment.
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Phenotypic plasticity in metabolic rate can lead to adaptation through acclimation to local
environments (Grabowski et al., 2009) or changing environments (Norin & Clark, 2016; Sloat &
Reeves, 2014). It can also be a means for individuals to exploit new environments. For example,
Morinville & Rasmussen (2003) demonstrated that migrant brook trout (Salvelinus fontinalis)
had higher metabolic costs than their resident counterparts, based on food consumption rates and
growth efficiencies. Variation in standard metabolic rate, maximum metabolic rate, and aerobic
scope (collectively characterizing the metabolic phenotype) has been documented as having two
to three times the variation among individuals (Metcalfe et al., 2016). Such variation leads to
different opportunities (life history tradeoffs) available to individuals, allowing them to utilize
their environment differently (Zera & Harshman, 2001). These differences in behavior and
energy metabolism were once treated as noise within research studies, but are now a main focus
in studies and are often repeatable (Baptista et al., 2020; Biro & Stamps, 2010; Metcalfe et al.,
1995; Wolf & Weissing, 2012) and link to larger ecological processes (Brown et al., 2004).
The brook trout is a freshwater species that requires cold water. Their native range
extends along the eastern edge of the United States from South Carolina to northern Québec,
including the Great Lakes (MacCrimmon et al. 1971). In the Lake Superior region, brook trout
populations that exhibit migratory behavior to Lake Superior are of conservation concern
(Newman et al., 2003) and a focus of the MI DNR (Michigan Department of natural resources),
which is conducting work to rehabilitate coaster brook trout behavior in favorable streams,
modeled after a successful Minnesota DNR study (Miller et al., 2016).
Brook trout in the Great Lakes region display at least three major movement related
phenotypes that represent life history strategies: (1) stream residents, (2) adfluvial migrants, and
(3) lacustrine residents brook trout (Huckins & Baker, 2008; Leonard et al., 2013). Movement3

related life history in brook trout is important for intraspecific diversity and management of this
species. Brook trout are the focus of recreational and subsistence fishing, are impacted by
climate change, and are a much beloved native fish in the Lake Superior region (Schreiner et al.,
2008). Adfluvial and lacustrine phenotypes are locally referred to as coasters, a phenotype
reduced to small numbers along the Lake Superior shoreline (Schreiner et al., 2008). Serfas et al.
(2012) suggested that further research into coasters should involve measures of thyroid hormone
and direct measures of metabolic rate. Additionally, movement-oriented life history strategies are
not isolating in brook trout, but rather provide a pathway for gene flow between river populations
(D’Amelio & Wilson, 2008), providing important strategies to counter environmental change.
There have been multiple genetic studies that have tried to explain the differences in movement
behaviors of brook trout through subpopulation genetic variability, but they have mostly failed to
identify coasters as a subpopulation (D’Amelio & Wilson, 2008; Scribner et al., 2012;
ThéRiault et al., 2007), suggesting that movement-related variability occurs within populations
rather than between populations.
Cross (2013) found that some individual brook trout remain relatively stationary (most of
the population) within a river while others “wander” throughout the stream or move directionally
(upstream or downstream). Other studies have documented similar patterns of brook trout
movement in native and non-native waters (Davis et al., 2015; Gowan & Fausch, 1996).
Morinville & Rasmussen (2003) found that brook trout that emigrated into the ocean had higher
food consumption rates and lower growth efficiencies than stream residents, suggesting that
migrant fish had a higher metabolic rate. As a result, I hypothesized that different metabolic
characteristics could contribute to movement patterns in brook trout. In this study, I investigated
how individual metabolic characteristics (metabolic phenotypes) related to movement patterns

4

expressed in wild, native brook trout within the Unnamed Creek, a tributary to the Rock River,
Alger County, Michigan.
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MATERIALS AND METHODS

Ethics statement
All activities conducted in this study were approved under Northern Michigan University
IACUC protocol 308.
Field Site
Two streams within the Hiawatha National Forest, Alger County MI were selected for
this study. The Rock River, a tributary to Lake Superior, and an unnamed tributary (Unnamed
Creek, hereafter UC) to the Rock River were selected because of the lack of development,
pristine forest, fish populations, and absence of fish stocking (Figure 1). The geology of the
watershed consists mainly of sandstone and glacial debris covering bedrock. Parts of the stream
contain well-rounded pebbles, cobble, and boulder comprised of quartz, quartzite, and chert with
sand being a prominent substrate type close to the confluence with Lake Superior (Whitlow et al.
1983).
The Rock River is a third order stream that has a small hydropower dam (constructed in
1923) located 130 m from Lake Superior. Migratory coho salmon (Oncorhynchus kisutch) and
rainbow trout (Oncorhynchus mykiss) pass the dam for reproduction when the headboards are
removed (the headboards create a 1.8m head). Lowering of the dam head for fish passage is
6

managed by the Federal Energy Regulatory Commission (FERC) in the spring and fall. Rainbow
trout and coho salmon have spawned in this river, migrating upstream only during years they
could pass the dam based on its licensing agreement (Cory Kovacs, Michigan Department of
Natural Resources, personal communication). Coaster brook trout have also been caught below
the dam during the spring steelhead run, but are not generally considered to be present above the
dam.
This study took place primarily in UC, a first order stream (Figure 1). UC is located
~4800 river meters from Lake Superior on the Rock River. UC splits 150 m upstream, creating
two confluences to the Rock River, Unnamed Creek A (UCA) and Unnamed Creek B (UCB).
Unnamed Creek has three road crossings; two do not block fish movement or migration (~400m,
and ~1200m upstream from the Rock River confluence). A perched culvert blocks further
movement 3,111 m from the confluences. Thirty-one 100 m reaches were marked on UC for my
study from the mouth of the stream to the third culvert. The fish community of UC consists
primarily of brook trout with brook stickleback (Culaea inconstans), longnose dace (Rhinichthys
cataractae), slimy sculpin (Cottus cognatus), rainbow trout, and coho salmon present. The Rock
River between B.S. Creek (BSC), UCB and UCA (Figure 1) was monitored with radio frequency
identification (RFID) antenna stations that detected passive integrated transponder (PIT) tags
(Oregon RFID, Portland, OR).
Fish Collection
Over the course of the study (6/4/18 through 10/31/18), 89 brook trout of size range 99 –
158mm were captured with single pass electrofishing (ETS electrofishing systems ABP-3
Madison, WI). Capture location was noted at the reach level. The fish were selected based on the
minimum size that brook trout can be safely tagged with 23 mm PIT tags (99mm; personal
7

communication J. Leonard Northern Michigan University) and from the size of the respirometry
chambers (maximum 160mm). A group of 24 brook trout were captured 24 - 72 hours prior to
respirometry to participate in the respirometry measurements for three days. Subsequent trial sets
worked with new fish. Twenty-four hours prior to respirometry trials, fish were placed in a 1x1x3m
metal cage covered in small insect screen (ADFORS, Saint-Gobain) to separate them from food,
ensuring they were in a post-absorptive state (Chabot et al., 2016b), and allow recovery from any
stress associated with electroshocking. If fish were collected 48-72 hours prior to respirometry
measurements, they were initially held in a cage with larger mesh that allowed food items to pass
through and held until they were placed in the food exclusion cage. After respirometry
measurements and tagging, fish were released back into the same reach where they had been
captured.
Respirometry
Intermittent flow respirometry using ambient stream water was used to measure oxygen
consumption to estimate aerobic metabolic rate (hereafter metabolic rate) and included field
resting metabolic rate (FRMR), field maximum metabolic rate (FMMR) and aerobic scope.
Oxygen consumption was calculated as MO2=VRWF-1δPO2/δt where VR is the respirometer water
volume in liters with the volume of the fish accounted for; WF is the mass of the fish in kg.
δPO2/δt is the slope of the linear regression calculated from the decline in dissolved oxygen
during the measurement periods with the oxygen solubility of water at measured temperature,
salinity and atmospheric pressure accounted for in real time using Loligo Systems Witrox 4
oxygen meter (Svendsen et al. 2016a). Metabolic measurements were conducted during three
consecutive days, collectively termed a trial set, to maintain similar environmental conditions.
Electricity was supplied by a generator placed 10 m from the respirometer behind a knoll to
8

reduce noise. During respirometry measurements, black plastic was used to reduce ambient light
in the respirometer environment and decrease disturbance to the fish from movement outside of
the respirometer. Two groups of fish were measured each day; a morning group (start time
ranging from 09:41 to 13:28) and an afternoon group (start time ranging from 14:15 to 18:30);
each group was comprised of four fish.
Four chambers, each with a flushing pump and a closed pump, were used simultaneously.
The pumps were manually operated during trials. Data was collected using Loligo Systems
Witrox 4 oxygen meter (Loligo systems Viborg, Denmark) which integrated temperature,
atmospheric pressure, and salinity. Two different sized chambers were used (308ml and 368ml),
depending on the size of the fish. Correction for background respiration was collected
immediately at the end of each session in all four chambers simultaneously for a duration of ten
minutes. This protocol for background respiration was adopted due to the lack of ability to
collect background respiration over a longer time period as described by Svendsen et al.,
(2016b). The amount of time to properly collect background respiration after two trials was
limited by day length. Fish volume, length, and weight determination, and tagging were
conducted after metabolic trials.
Field routine metabolic rate was measured from fish that were post absorptive (24 hours
without access to food) and acclimated to the respirometry chamber for 2 hours. A cycle
consisted of a flush phase, a wait period, and a measurement period (see Svendsen et al. 2016b).
Each measurement period lasted five minutes or until the oxygen saturation in the chamber
approached 85% (no lower than 80% is recommended). The refresh (flush) period lasted 10
minutes which was more than enough time for the oxygen saturation to rebound above 90%. One
to four measurement cycles were used to calculate mean FRMR which depended on the
9

reliability of the measurement (R2 > 0.90, was my benchmark to retain a measurement for
analysis).
Field maximum metabolic rate (FMMR) was collected after FRMR. Fish swam
vigorously in a 19 L bucket against a current for 15 minutes prior to measurement of FMMR
(Norin & Clark, 2016). This caused the fish to either be exhausted (most individuals) or at least
exercised strongly. Fish were then placed immediately into the respirometer after the flush phase
just prior to the measurement phase. The first measurement cycle was used for FMMR
determination because this was the peak of recorded oxygen consumption observed following
exercise.
All calculations of FRMR and FMMR removed the first 30 seconds of data to account for
water gas mixing in the metabolic chamber during the measurement phase (above the 10% of the
total recirculation phase suggested for mixing (Svendsen et al., 2016b)). I used the next 180
seconds to calculate the slope of oxygen depletion over time and R2 (R2 values ≥ 0.90 were used
to determine if data was acceptable for analysis) for each measurement period. Final values for
FRMR and FMMR were in mgO2 kg(fish)-1 L-1 hour-1, with the replicate FRMR measurement
periods averaged per fish; only the first measurement was used for FMMR (Rosewarne et al.,
2016; Svendsen et al., 2016a, 2016b). If the FMMR was lower than FRMR, the FRMR was used
as the FMMR and FRMR was removed from the data set (this occurred with six fish (7.9%) of
the 76 total fish used in respirometer analysis). Metabolic scope was obtained from the
difference between FRMR and FMMR where both measurements were acceptable.
Temperature groups (thermal cohorts) were created based on the temperature at which a
brook trout’s oxygen consumption were recorded, whether the fish were in the same trial or not.
Fish were included in a cohort if they were within ± 0.5°C of the specified temperature. Fish
10

were ranked within their cohort for both FRMR and FMMR by calculating the difference
between the highest and lowest values for a metabolic metric within a thermal cohort and
dividing it into thirds so that all fish metabolic measures fell into one of the three rankings,
essentially high (3; top third of the variability range) medium (2; middle third), and low (1;
bottom third). This created a hierarchical ranking so that brook trout metabolic metrics could be
compared across cohorts allowing fish to be compared to one another within and across
temperatures.
Fish movement behavior
Free-swimming fish locations were determined using 23mm half duplex (HDX) RFID
PIT tags (Oregon RFID, Portland, OR). PIT tags were implanted into the abdominal cavity
anterior of the pelvic fin through an approximately 4mm horizontal incision. After tagging, fish
recovered in an oxygenated bucket and then were released at their capture location. The tags
were subsequently detected using two techniques. Stationary antennas ran continuously (with the
occasional exception of down periods needing repair caused by floods in the spring and fall) on
solar power. There were three stationary antenna sets, each containing a solar power array, a
multi-antenna HDX reader, three 12V batteries (Sun Extender, West Covina, CA), and four
antennas with antenna tuners. A set was placed at each of the mouths of UC (A and B) and at the
confluence of BSC (Figure 1). The antennas for each set were situated so that there were two on
the tributary (UCA, UCB, and BSC) and two on the Rock River at each of the river confluences
so directionality of fish movement could be determined. The antennas were checked for proper
read range and tuned on a regular basis (OregonRFID.com, 2019), especially if there was a
discharge event that could disrupt the systems. Tags were also detected with a handheld wander
that allowed the operator to scan the stream (Mobile Reader Kit, Oregon RFID, Portland
11

Oregon), and fish GPS position was recorded (Garmin GPS Map 64st, Olathe, KS, USA). The
handheld wand was operated twice a week every week from June 10 through October 24, 2018
with minor exceptions for repairs, and bad weather (Table 1). The entire 3,111 meters of UC was
wanded on each occasion.
Brook trout were also categorized into movement groups. Fish that moved <250m were
termed stationary while fish that moved ≥ 250m were termed movers. These groupings were
used to assess whether fish in movement groups had different metabolic phenotypes. These
distances were based on observation of the data and by understanding that within any 250m
section of the stream, brook trout would have most stream features within that distance. For
example, within any 250m section there would be pools, riffles, and runs with multiple substrate
types, like sand and spawning size gravel etc. There were only two movement measurements
(3%) based on average distance a fish traveled in a day that fell within 50m of the 250-cutoff
point for movement categories and only five movement measurements (8%) based on maximum
distance a fish traveled over the course of the experiment that fell within 50m of the cutoff point
out of 63 fish used in the combined data set of respirometry and movement, supporting the use of
these distances for general characterization of behavior.
Analysis
Individual movements were assessed in ArcGIS (Esri Redlands, CA, USA). Locations
that exceeded 11m from the stream were removed (a total of 155 of 2380 GPS locations were
removed) from the data set as this was the maximum recorded error associated with the GPS unit
used. Every meter of the stream was digitized on the map in ArcGIS so that individual fish
locations could be located to the nearest meter in the stream. This location was used in the final
movement dataset and subsequent calculations.
12

Statistical analysis was conducted using program R (R Core Team 2017) and visualized
using ggplot2 (Wickham, 2016). A regression was used in the temperature analysis using the lm
function in R with the stats package (R Core Team 2017). This package was also used for the
analysis of movement and metabolic rankings using the aov function. Normality was assessed
using the package RVAideMemoire and the function byf.shapiro (Herve 2019). If data failed the
normality test, then transformations were applied to achieve normality. Homogeneity of variance
was checked using the package car and the function leveneTest (Herve 2019). The stats package
was also used for t-tests that were used in the analysis of metabolism between the movement
groups in the temperature cohorts.

13

RESULTS

A total of 89 brook trout were collected, tagged, and had metabolic metrics determined.
Brook trout measured 122 ± 16.2mm total length (range 99-158mm), weight 18.5 ± 7.9g (range
9-42.5g) and Fulton’s condition factor 0.98 ± 0.1 (range 0.72 – 1.28).
Respirometry
Thirteen brook trout were removed from the results because none of their metabolic
metrics met the R2 qualifications (R2 ≥ 0.90) required for analysis. Of the 76 fish remaining, 75%
had four usable FRMR measurement cycles, 14% had 3 cycles, 8% had 2 cycles, and 3% had 1
measurement cycle used to determine FRMR used in the finale analysis because of the R2
qualifications (R2 ≥ 0.90 for inclusion). Six fish had FRMR that were higher than their FMMR,
in these instances the higher FRMR was used in place of the FMMR with no FRMR data point.
Eight fish had a FRMR without a matching FMMR due to the R2 qualifications for inclusion in
the data set. FMMR average was 466.6 ± 165.6 SD (range 203.3 – 1410.3), FRMR average was
303.47 ± 172.8 SD (range 52.2 – 1311.07) Field metabolic scope average was 181.75 ± 107.9
(range 6.17 – 404.66) mgO2 kg(fish)-1 L-1 hour-1.
FMMR and FRMR were significantly related (R2=0.306, F(40) [19.11], P = <0.001)
(Figure 2.). FMMR and metabolic scope were also significantly related (R2=0. 365, F(40) [24.6],
14

P = <0.001) (Figure 2.). FRMR and metabolic scope were not significantly related, but neared
significance suggesting a trend (R2=0. 65, F(40) [3.854], P = 0.06) (Figure 2.). FMMR
(R2=0.037, P=0.15, n=55), FRMR (R2=0.043, P=0.13, n=50) and metabolic scope (R2 =0.004,
P=0.65, n=42) were not significantly related to temperature (temp range 7.99˚C – 13.38˚C, mean
= 11.44˚C). Across all temperatures total length did not correlate with metabolic scope (F(41)
[0.05], P = 0.81), but total length was significantly related to FMMR (R2=0.071, F(53) [4.06], P
= 0.049) and FRMR (R2=0.0999, F(48) [5.318], P = 0.025) (Figure 3.).
Movement
There were 829 location detections made between 6/10/18 and 10/24/18 over 20
individual days of effort using the backpack reader. The maximum distance a brook trout was
detected traveling from their release point was 1890m during the fall when a fish left UC and
entered BSC. The minimum distance a fish traveled between detections was 12m. The average
number of detections for each fish with location data was 9.8 positions with a maximum of 17
detections for one fish. No location data was collected for nine fish. The total distance fish
moved in meters throughout the summer field season varied with a peak in June, with
movements increasing through September and a decrease in October (Figure 4.) The total fish
length did not differ between the two movement categories (Kruskal Wallis (33) = 37.673, P =
0.2639 (Figure 5.)) Total fish length was not significantly related to the maximum distance
traveled from the release location t(62) = -1.844, P = 0.069 (Figure 6.).
Metabolism and movement
In the combined data set, a one-way ANOVA revealed the log maximum distance fish
moved from their release location did not vary based on FMMR ranking (F(2,52) [0.424), P =

15

0.657), FRMR ranking (F(2,47) [1.195], P = 0.312), or aerobic scope ranking (F(2,40) [0.433], P
= 0.514, Figure 7.). The same test also revealed the log average distance fish moved in meters
between detection days for FMMR (F (2,51) [0.175], P = 0.84), aerobic scope (F (1,40) [0.152],
P = 0.698) or FRMR (F (2,47) [1.195], P = 0.312, Figure 8.) were not different. When the
temperature cohorts were evaluated, there were no patterns between movement and metabolism
except in the 12˚C group when there was a relationship between movement and scope t(15)=3.56, P = 0.001). Comparing across all cohorts FMMR t(54) = -0.647, P = 0.260 (Figure 9.) and
FRMR did not differ t(49) = -0.220, P = 0.413 (Figure 9.) between mobile and stationary fish.
Metabolic scope was significantly higher in the mover group of brook trout than the stationary
group of brook trout t(41) = -1.6976, P = 0.0486 (Figure 10.).
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DISCUSSION

Brook trout within UC of the Rock River exhibited two different types of general
movement strategies. Fish either did not move long distances and stayed within a relatively small
section of the stream (stationary fish < 250m, n = 38) or they moved greater distances (movers >
250m, n = 25), including one individual that was detected leaving the stream and entered B.S.
Creek (≈ 410m upstream on the Rock River). This pattern of movement was related to metabolic
scope and a similar trend was seen in FMMR and FRMR, where fish with a broader range (or
higher metabolic rate in FMMR and FRMR) of metabolic scope tend to move greater distances.
This finding could support Auer et al., (2015) who showed that fitness advantages can be found
in brown trout (Salmo trutta) with a broader aerobic scope. Also Seth et al. (2013) found in three
species of Greenland sculpin that a reduction in metabolic scope also reduced swimming and
digestion, leading to reduction in whole animal performance. Aerobic scope was also related to
the duration of swimming in Atlantic cod (Gadus morhua) (Reidy et al.2000) such that a larger
aerobic scope resulted in longer endurance swimming performance. These studies do not look at
movement directly, but investigate factors that can be a result of or contribute to movement
strategies and relate to fitness and whole animal performance. Aerobic scope describes the limit
of oxygen that can be delivered to tissue after basic functions are met, which in turn affects ATP
production and the animal’s capacity for work, including the fish’s capacity to travel, defend
feeding positions, or reproduce. Thus, aerobic scope has clear life history implications.
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Food availability can be a factor in regard to aerobic scope (Auer et al., 2015) because
food scarcity limits an individual’s ability to take advantage of the plasticity in their metabolic
phenotype. Food availability can be limited by absolute availability or by individual access to
forage. Density dependent factors are especially important triggers for brook trout with
metabolic phenotypes that allow fish to move longer distances. Social hierarchies also play a role
in food acquisition in salmonids as the most dominant individual typically has the best access to
food (Nakano, 1995).
Although there are limitations associated with non-continuous tracking, the two
movement strategies observed in this study are similar to what to Kusnierz et al. (2014) and
Gowan & Fausch, (1996) observed with clear movement phenotypes. We observed some fish
using large areas of the stream while others used a small proportion of available habitat. In this
study smaller individuals tended to move longer distances, further highlighting the potential role
of competition both between and within species in expression of movement phenotypes.
Movements of brook trout triggered by non-native salmonids were documented by Jenetski et al.
(2011), where brook trout movements increased during a short period while salmon were
migrating into a Lake Michigan tributary. Maximum movements by brook trout within UC were
observed in June and in August and September with a decline in activity in October. Movements
in August and September were likely associated with spawning (Blanchfield & Ridgway, 1997)
or the influx of non-native spawners such as coho salmon.
When examining aerobic scope across the temperature cohorts, I saw a significant
difference in the 12˚C group, while the other temperature groupings had a low sample size
resulting in no significant finding. This temperature was the most common because high spring
water inputs held the stream temperature relatively constant. It may be that individual variation
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in this population of fish masked relationships between metabolic parameters and movement
within the temperature cohorts, especially when low sample size was a factor. Alternatively, it is
possible that fish acclimated to the range of temperatures experienced with normal daily
variation in field conditions may have masked expected metabolic differences seen in lab studies.
This suggests that grouping fish based on temperature cohorts was unnecessary. The methods
established for the temperature cohort analysis in this study was driven by the literature (Chabot
et al., 2016b; Norin & Clark, 2016; Svendsen et al., 2016a). Temperature is one of the main
factors that is controlled and monitored in respirometry experiments because biochemical
reactions increase with temperature (Hartman & Cox, 2008) and because other factors such as
oxygen solubility change with changing temperature. However, there is little understanding of
how significant a small variation in temperature is to metabolic characteristic when animals are
acclimated to a naturally varying thermal range. When conducting field based respirometry, a
better understanding of daily thermal cycles and their significance in metabolism is needed to
understand brook trout metabolic metrics. In this study, UC varied as much as five degrees over
a 24h period. Stitt et al., (2014) evaluated brook trout standard metabolic rate change when
acclimated to different temperatures (8˚C-20˚C) and found little variation when acclimated to
different temperatures within 4˚C. Similar work in other species of salmonids has shown little
variation in aerobic metabolic metrics over acclimation ranges of approximately 3-5˚C.
However, as temperature approaches the critical thermal maximum of the species there can be a
dramatic increase in metabolic metrics (Hartman & Jensen, 2017; Kelly et al., 2014). It is also
possible that metabolic characteristics are simply slow to adjust as temperature changes over a
short period. It is implied in the literature that metabolism changes gradually because it is
recommended that temperature be held constant for several days prior to respirometry trials,
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rather than minutes or hours (Chabot et al., 2016b). Thermal acclimation can take up to 72 hours,
depending on the severity of the change (Barrionuevo & Fernandes, 1998). Some researchers
decided to eliminate temperature as a covariate when collecting metabolic rate in the field as the
small amount of variation was not significant in their analysis; however, the thermal range was
smaller in those studies compared to my study (Rasmussen et al., 2012; Warnock & Rasmussen,
2014).
The relationship between movement and aerobic scope demonstrated here, and the trends
seen in the other metabolic parameters, helps explain why some individuals move long distances
while others do not. However, it is likely not the only variable that leads to movement expression
in brook trout since density dependent factors can limit an individual’s ability to utilize
metabolic phenotypes (Auer et al., 2015) and dominance relationships also affect an individual's
access to prime feeding locations (Nakano, 1995). Competition with non-native salmonids is one
of the potential factors leading to reduced coaster brook trout abundance in the Salmon Trout
River, along with an active fishery (Huckins & Baker, 2008). Non-natives pose a three-factor
effect on native brook trout because they likely fit into the dominance hierarchies that trout
express, they often will compete for the same food, and can act as predators. Dominance
relationships complicate this model because if smaller individuals tend to move longer distances,
it may be that less dominant (small) individuals are forced to move because they are restricted to
less desirable feeding positions. Depending on the individual’s metabolic phenotype, that
individual may be able to stay in the lower quality feeding site or may be forced to seek a new
location. Brook trout should choose not to move if their needs are met within a relatively small
area of the stream regardless of their metabolic phenotype. However, the food availability that
marks sufficiency should differ between individuals based on metabolic phenotype. Thus, there
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are environmental and physiological factors that contribute to movement expression, which
likely vary for each individual and among populations and environments.
Movement and metabolic phenotypes were evident in this study and were shown to be
related. This relationship could have profound life history implications if these metabolic
phenotypes are consistent over time, which has been shown for many fish species (Baptista et al.,
2020; Biro & Stamps, 2010; Metcalfe et al., 1995; Wolf & Weissing, 2012). It suggests that,
given some environmental consistency, metabolic phenotypes may help drive movement
phenotypes. Managers should consider preserving genetics of native populations of brook trout
wherever possible to retain the variability in metabolic and movement characteristics. Doing so
could help maintain population resiliency in the face of environmental change and land
development, allowing for a more diverse response to changing conditions. Preservation of
native brook trout with access to Lake Superior has already been documented to help preserve
unique brook trout life histories (Miller et al., 2016).
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Figure 1. Map of the study site on Unnamed Creek in the Rock River, Alger County, MI, USA.
Respirometry took place at the upstream passible culvert located at the midsection of Unnamed
Creek.
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Figure 2. Significant relationship between MMR and FRMR (R2=0.306, F(40) [19.11], P =
<0.001) and FMMR and metabolic scope (R2=0. 365, F(40) [24.6], P = <0.001). FRMR and
scope were not significantly related, but it neared significance (R2=0. 65, F(40) [3.854], P =
0.06). Shaded area is 0.95 confidence interval.
37

Figure 3. Relationship between field maximum metabolic rate and total fish length (R2=0.071,
F(53) [4.06], P = 0.049) (left) and field resting metabolic rate (R2=0.0999, F(48) [5.318], P =
0.025) that were significant. Shaded area is 0.95 confidence interval.
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Figure 4. Mean distance traveled between detection days for all fish each day the backpack
reader was operated. Movements reflect the distance brook trout traveled from their previous
detection. Error bars are average ± standard error, the number of detections per day are
displayed above each error bar.

39

Figure 5. Mean total length of fish in each of the two movement categories. The total length of
brook trout based on movement category did not differ significantly (Kruskal Wallace = 38.673,
df = 33, P = 0.2639 n=34). Bars are average ± standard error.
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Figure 6. Individual fish total length and maximum distance detected from their release location
(R2=0.0565, F(61) [3.658], P = 0.061).
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Figure 7. Average maximum distance (AMD) fish moved from their release location in each
metabolic rank for FRMR (left) (F(2,47) [1.195], P = 0.312), FMMR (right) (F(2,52) [0.424), P =
0.657) and Aerobic Scope (F(2,40) [0.433], P = 0.514). Error bars are average ± standard error.
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Figure 8. The log average distance fish moved in meters between detection days for FMMR (F
(2,51) [0.175], P = 0.84), aerobic scope (F (1,40) [0.152], P = 0.698) and FRMR (F (2,47)
[1.195], P = 0.312). Error bars are standard error.
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Figure 9. The FMMR t(54) = -0.647, P = 0.260 and FRMR t(49) = -0.220, P = 0.413 for all
temperature cohorts combined compared across movers and stationary brook trout in UC. Error
bars are average ± standard error.
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Figure 10. Metabolic scope of the movers and stationary brook trout across all temperature
cohorts that was significant UC (t= -1.6976, df = 41, P = 0.0486). Error bars are average ±
standard error.
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